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“hydraulics,”	 “biomechanics”	 and	 the	 “leaf	 economics	 spectrum”	 represent	 three	
clearly	separated	axes	of	variation,	with	the	hydraulic	axis	exhibiting	the	strongest	
alignment	with	height	and	largest	independent	contribution	to	growth	(in	the	case	






p	<	.0001)	 and	 from	 within-site	 differences	 between	 species	 (30%,	 p	<	.0001).	
Covariation	between	growth	and	maximum	height	was	driven	in	part	by	variation	in	
irradiance	 across	 sites	 as	 well	 as	 among	 canopy	 positions	 within	 sites	 (23%,	
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1  | INTRODUCTION
Plant	growth	rate	varies	markedly	among	plant	species	and	is	an	im-










dominate	 communities.	This	 is	 because	PAR	 absorption	 in	 canopies	
is	 exponential,	 such	 that	 for	 a	 small	 increase	 in	height,	 a	 plant	may	
intercept	a	much	larger	proportion	of	PAR	(Kira,	Shinozaki,	&	Hozumi,	
1969).	Effectively,	this	results	not	only	in	taller	plants	accessing	higher	
PAR	environments,	but	also	 the	 removal	of	 this	 resource	 for	use	by	
shorter	competitors,	i.e.	variation	in	height	results	in	asymmetric	com-
petition	(Freckleton	&	Watkinson,	2001).	It	is	likely	that	this	dynamic	







surements	 can	 be	 converted	 to	mass	 and/or	volume	 growth	 across	








This	 study	 assessed	 the	 influence	 of	 three	 plant	 functional	
processes	 on	 growth:	 (1)	 hydraulic	 processes	 that	 provide	 access	
to	 water	 and	 transport	 water	 to	 the	 sites	 of	 photosynthesis	 and	
evaporation;	 (2)	 photochemical	 processes	 that	 convert	water	 and	
CO2	into	organic	compounds	and	(3)	mechanical	processes	that	lift	
photosynthetic	 tissues	 up	 into	 high-	radiation	 environments,	 often	
at	 considerable	 expense	 to	 the	 plant,	 and	 provide	 support	 for	 a	
diversity	of	stresses	(Butler,	Gleason,	Davidson,	Onoda,	&	Westoby,	
2011).	Representative	 traits	of	each	of	 these	processes	 should	be	
correlated	with	plant	growth.	Hydraulic	 traits	have	been	 found	 to	
positively	 correlate	with	 growth	 in	 mature	 and	 juvenile	 tree	 spe-
cies,	including	conduit	diameter	(Fan,	Zhang,	Hao,	Slik,	&	Cao,	2012;	
Hoeber,	Leuschner,	Köhler,	Arias-	Aguilar,	&	Schuldt,	2014;	Poorter	
et	al.,	 2010;	 Russo	 et	al.,	 2010),	 LA/XA	 (Sterck	 et	al.,	 2012),	 and	
xylem-	specific	 conductivity	 (Fan	 et	al.,	 2012;	Hoeber	 et	al.,	 2014;	
Kondoh,	 Yahata,	 Nakashizuka,	 &	 Kondoh,	 2006;	 Poorter	 et	al.,	
2010).	 Growth	 of	mature	 trees	 has	 also	 been	 found	 to	 positively	
correlate	with	 photosynthetic	 capacity	 (Prior,	 Eamus,	 &	 Bowman,	
2004),	 nitrogen	 and	 chlorophyll	 content	 of	 leaves	 (Hoeber	 et	al.,	
2014;	Matzek	&	Vitousek,	2009;	Prior	et	al.,	2004)	and	leaf	mass	per	
unit	 leaf	 area	 (LMA)	 (Huante,	Rincón,	&	Acosta,	1995;	Prior	et	al.,	
2004;	Wright	&	Westoby,	 1999).	 Perhaps,	 the	 best-	known	 repre-
sentation	of	these	correlated	leaf	traits	is	the	“leaf	economics	spec-
trum,”	 whereby	 across-	species	 covariation	 in	 leaf	 life	 span,	 LMA,	
photosynthetic	 capacity	 and	 nitrogen	 concentration	 characterizes	
a	 species’	 economic	 strategy—from	 slow	 to	 fast	 return	 on	 carbon	
and	nitrogen	 investments	 (Wright	 et	al.,	 2004).	 Lastly,	 it	 has	been	
suggested	 that	wood	 density,	wood	 stiffness	 (modulus	 of	 elastic-




pect	 inverse	correlation	between	growth	and	 the	 traits	conferring	
mechanical	 safety,	 as	 has	 been	 found	 across	 tropical	 angiosperm	
species	 (Hoeber	et	al.,	2014;	 Iida	et	al.,	2014;	King,	Davies,	Tan,	&	
Noor,	2006;	Poorter	et	al.,	2008).
It	 is	 important	 to	 realize	 that	many	 traits	 that	 could	 potentially	
confer	fast	growth	are	beneficial	only	in	high	PAR	environments.	For	
example,	increasing	photosynthetic	surface	area	should	lead	to	faster	
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2  | MATERIALS AND METHODS
2.1 | Species and sites
Three	 sites	were	 chosen	across	 a	 spread	of	 latitude.	A	 tropical	 site	
(−18.295,	 145.492)	 was	 selected	 within	 Girringun	 National	 Park,	
c.	80	km	southeast	of	Mt.	Garnet,	Queensland,	Australia.	It	was	situ-
ated	on	a	high-	level	plateau	 (670	m	a.s.l.),	with	warm	wet	 summers	
and	 cool	 dry	winters	 (MAP	=	1,106	mm,	MAT	=	21.3°C)	 (see	 Figure	
S1).	 Tropical	 cyclones	 are	 common	 to	 this	 region,	 but	 the	 forest	
measured	in	this	study	did	not	exhibit	signs	of	wind	damage.	A	warm	
temperate	 site	 (−33.596,	 151.285)	 was	 selected	 within	 Ku-	ring-	gai	




of	Bothwell,	 Tasmania,	Australia,	 in	 gently	 rolling	 terrain	 of	 varying	
aspect	(420	m	a.s.l.)	(MAP	=	547	mm,	MAT	=	10.0°C).	Sites	were	cho-
sen	 to	 represent	 a	 range	of	mean	 annual	 temperatures	 and	 aridity.	
Aridity,	calculated	as	the	ratio	of	mean	annual	precipitation	(MAP)	to	



































sequent	analysis,	 i.e.	 the	shoot	with	the	 largest	 length	and	diameter	
increment.	Shoots	were	marked	at	the	nearest	branching	point	from	
the	tip	and	the	length	between	this	branching	point	and	the	tip	was	








the	 basis	 for	 choosing	 the	most	 vigorous	 shoot	 on	 each	 plant	 (see	
below).	Mean	shoot	extension	values	were	calculated	for	each	species.
2.3 | Traits




diameter,	all	 traits	were	 log-	transformed	as	 this	 improved	data	nor-
mality.	Traits	were	generally	measured	on	different	individual	plants	







Leaf mass per area	(LMA)	was	determined	by	scanning	3–10	leaves	





Leaf area per xylem cross-section	is	the	amount	of	leaf	area	supplied	
by	a	given	xylem	cross-	section.	 It	represents	 investment	 in	 leaf	area	
relative	 to	 investment	 in	xylem	area,	and	 thus	measures	 the	degree	
to	which	a	species	places	a	premium	on	 leaf	allocation	or	water	de-
livery.	Leaf	area	per	xylem	cross-	section	 is	an	 important	component	
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of	maximal	leaf-	specific	conductivity,	which	is	the	product	of	LA/XA	
and	the	conductivity	of	the	xylem	tissue	(xylem-	specific	conductivity;	















branch	segments	 ranging	 in	diameter	 from	0.3	 to	0.7	cm	 (distal	end	
of	 the	 segment)	were	 cut	 to	 80	cm	 in	 length	 underwater.	Maximal	
conductance	was	measured	across	a	100	kPa	pressure	gradient	using	
filtered	 (0.2	μm)	 and	 degassed	 0.02	M	 KCl	 solution.	 Solution	 was	
collected	 and	weighed	 to	 the	 nearest	 0.00001	g	 (Satorius	CP225D,	
Göttingen,	 Germany)	 and	 logged	 every	 15	s	 to	 calculate	 flow	 rate.	
Xylem-	specific	 conductivity	was	 calculated	 by	 normalizing	 the	 total	















LED	 light	 source	 (LI-	Cor	 Biosciences,	 Lincoln,	 NE,	 USA).	 Saturating	
PAR	 values	were	 chosen	 for	 each	 species	 by	 constructing	 a	 “step-	
down”	 light	 response	 curve	 on	 the	 first	 individual.	 Saturating	 PAR	




Leaf nitrogen	 concentration	was	measured	on	dried	green	 leaves	
from	five	individual	plants	per	species,	combined	into	one	sample	and	
analysed	for	nitrogen	as	previously	reported	in	Butler	et	al.	(2012).
Modulus of elasticity	 is	 a	measurement	 of	wood	 stiffness.	Higher	
MOE	 values	 indicate	 stiffer	 wood.	 Modulus	 of	 elasticity	 is	 strongly	
correlated	 with	 wood	 density,	 which	 represents	 a	 significant	 non-	
photosynthetic	carbon	sink.	Modulus	of	elasticity	was	included	in	our	



























ical	photo	was	 taken	 immediately	above	 the	centre	of	each	canopy	
using	 a	 self-	levelling	Nikon	Coolpix	4500	camera	with	 a	Nikon	FC-	
E8	fisheye	converter.	Hemispherical	photos	were	taken	concurrently	
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out	the	influence	of	the	other	traits.	Furthermore,	exploratory	fac-
tor	 analysis	 revealed	 the	 clear	 separation	of	 traits	 into	 three	 axes	
of	variation—traits	 relating	 to	 hydraulic	 functioning,	 traits	 relating	
to	mechanical	safety	and	traits	relating	to	leaf	economics.	Informed	












dataset,	 it	was	 not	 known	 if	 all	 latent	variables	would	 be	 needed	
























The	 first	 SEM	 model	 tested	 the	 direct	 influence	 of	 height	 on	
growth	vs.	the	indirect	influence	of	height	on	growth,	as	manifested	
through	the	measured	traits.	For	example,	 it	 is	well-	understood	that	



























if	 some	 species	 or	 individual	 shoots	 had	more	 side-	branching	 than	






only	 LMA	 and	 twig	 diameter	 remained	 significantly	 correlated	with	














reflecting	plant	 strategy,	 and	 that	plant	height	 is	 the	dominant	 trait	
associated	with	 this	 axis.	 Evaluation	of	models	2,	3	 and	4,	 revealed	
that	the	model	 including	only	the	hydraulic	 latent	variable	 (model	3)	
generally	outperformed	models	including	two	or	all	three	latent	vari-
ables,	with	lower	AIC	and	RMSEa	values	(Table	3).	This	suggests	that	
plant	 traits	 aligned	with	 the	hydraulic	 factor	 are	 able	 to	 adequately	
predict	variation	in	growth	(extension	and	diameter	growth	R2	=	0.43	
and	 0.61),	 without	 considering	 biomechanic	 or	 LES	 traits	 (Table	3).	
However,	 because	 the	 model	 including	 all	 three	 latent	 variables	
(model	 2)	 provides	 a	 much	 better	 representation	 of	 how	 hydraulic,	















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































change	 in	another	 (in	units	of	SD)	while	holding	 the	 influence	of	 all	
other	relevant	variables	constant.	Although	all	the	hydraulic	traits	ex-









correlated	with	growth,	but	 that	 their	contributions	 to	growth	were	
also	closely	aligned	with	variation	in	height.
3.2 | Site effects
Species	 growth	 rates	 measured	 either	 as	 length	 or	 diameter	 in-
crease	 were	 greatest	 at	 the	 tropical	 site	 (log-	transformed	 length	



















The	 question	 arises	whether	 the	 observed	 correlation	 between	
growth	rates	and	height	was	due	to	coordination	between	growth	and	
maximum-	height	 strategies,	 or	 simply	 as	 a	 response	 to	 taller	 plants	
benefiting	 from	 a	 more	 favourable	 irradiance	 environment.	 Species	
tended	to	be	exposed	to	different	 irradiance	environments	both	be-
cause	of	differences	in	irradiance	between	latitudes,	and	because	of	
differences	 in	 canopy	 position	within	 sites.	 However,	 there	was	 no	
strong	 relationship	 between	 growth	 and	 irradiance	 either	within	 or	












































































































































































































































































































































































































leader	 growth.	 Importantly,	 leaf	 traits	 including	 leaf	 nitrogen,	 LMA,	














We	 found	 that	 xylem-	specific	 conductivity	 and	 LA/XA	 were	












been	because	 species	with	 larger	 leaves	 tend	 to	deploy	 them	more	




Falster	 &	 Westoby,	 2003a;	 Kleiman	 &	 Aarssen,	 2007;	 Westoby	 &	
Wright,	 2003),	which	 are	 related	via	 “Corner’s	 rules”	 (White,	 1983).	











maximum	 height	 and	 RGR	 in	 forests	 (Iida	 et	al.,	 2014;	 Martínez-	
Vilalta,	Mencuccini,	Vayreda,	&	Retana,	2010;	Poorter	et	al.,	2008;	















Model number p (Chi- square) CFI RMSEa RMSEa upper CL RMSEa lower CL Growth r
2 AIC
Length	growth
1 <.001 0.654 0.233 0.288 0.179 0.652 950
2 .210 0.963 0.073 0.147 <0.001 0.484 891
3 .897 1.000 <0.001 0.127 <0.001 0.433 376
4 .610 1.000 <0.001 0.141 <0.001 0.442 628
Diameter	growth
1 <.001 0.670 0.233 0.288 0.179 0.684 938
2 .312 0.981 0.054 0.136 <0.001 0.639 876
3 .932 1.000 <0.001 0.080 <0.001 0.614 361
4 .707 1.000 <0.001 0.125 <0.001 0.638 611
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emphasizes	 the	 importance	 of	 growth–height	 relationships	 across	
a	much	broader	 range	of	 species	 and	environments,	but	 also	 sug-
gests	 an	 evolutionary	 alignment	 of	 height	 and	 growth	with	water	
transport	and	 leaf	deployment	 traits.	Although	data	 reported	here	
and	 elsewhere	 support	 correlation	 between	 height	 and	 growth,	




2001).	 Conversely,	 height	 might	 be	 expected	 to	 have	 a	 negative	
effect	 on	 carbon	 budget	 via	 increased	 xylem	 and	 bark	 (including	
phloem)	 maintenance	 costs	 (Falster	 &	 Westoby,	 2003b;	 Givnish,	
1988).	Other	ecological	benefits	of	being	tall,	such	as	escaping	fire	
(Bond,	 Cook,	 &	Williams,	 2012;	 Higgins,	 Bond,	 &	 Trollope,	 2000)	
and	browsing	(Allcock	&	Hik,	2004),	are	only	gained	once	a	height	




resulting	 in	 increasing	 water	 tension	 in	 leaf	 and	 twig	 xylem,	 and	
possibly,	higher	 incidence	of	embolism,	 and	 lower	 rates	of	 stoma-
tal	 conductance	 and	 photosynthesis	 (Domec	 et	al.,	 2008;	 Koch,	
Sillett,	 Jennings,	 &	 Davis,	 2004;	 Ryan	 et	al.,	 2000;	 Schäfer,	 Oren,	
&	 Tenhunen,	 2000).	 Mortality	 rates	 have	 not	 been	 found	 to	 cor-
relate	 with	 maximum	 height	 in	 most	 cases	 (Poorter	 et	al.,	 2008;	
Wright	et	al.,	2010),	but	they	may	if	mechanical	safety	also	declines	
with	height	 (Iida	et	al.,	2014).	 It	has	also	been	reported	that	 traits	












256  |    Functional Ecology GLEASON Et AL.
arthropods	 (i.e.	 growth	 rate	 hypothesis,	 Stamp,	 2003)	 and	 may	
also	 result	 in	 increased	 susceptibility	 to	 damage	 from	 falling	 or	
wind-	driven	debris	 (Clark	&	Clark,	 1991;	Gleason,	Williams,	Read,	




In	 summary,	 shoot	growth	across	 the	 species	and	climates	ex-
amined	in	this	study	was	correlated	with	a	suite	of	traits,	including	
maximum	 height,	 xylem-	specific	 conductivity,	 leaf	 area	 to	 xylem	
area	ratio,	leaf	size,	wood	density,	stem	stiffness	and	access	to	PAR,	
but	 with	 the	 important	 caveat	 that	 maximum	 height	 accounted	
for	 a	 significant	 amount	 of	variation	 in	 growth	 that	was	 indepen-
dent	 of	 variation	 in	 the	 other	 traits.	 Taken	 together,	 height	 and	
growth	appear	 to	be	closely	aligned	via	natural	 selection	with	 the	
hydraulic	 and	biomechanical	 functioning	of	wood	and	 leaves.	This	
result	also	suggests	that	natural	selection	has	resulted	in	the	near-	
complete	confounding	of	the	 independent	 influence	of	xylem,	 leaf	
df SS MS F p Variable R2
Length	growth	(log)	=	Irradiance	×	Maximum	height	(log)
Irradiance 1 0.86 0.86 9.38 .0045 0.14
Maximum	height	(log) 1 2.51 2.51 27.52 <.0001 0.40
Irradiance	×	Maximum	height	(log) 1 0.06 0.06 0.65 .4268 0.01
Residuals 31 2.83 0.09
Diameter	growth	(log)	=	Irradiance	×	Maximum	height	(log)
Irradiance 1 1.52 1.52 21.54 <.0001 0.23
Maximum	height	(log) 1 2.98 2.98 42.33 <.0001 0.45
Irradiance	×	Maximum	height	(log) 1 0.00 0.00 0.04 .8481 0.00
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and	allometric	traits	on	growth.	Considering	the	marked	collinearity	
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